Abstract
Introduction

54
Tropical cyclones (TCs) pose a severe risk to life and property in TC-prone areas and 55 the risk will increase due to the rapidly rising coastal population and buildings (Pielke et 
65
While understanding of the coherent structure is very important for mitigating TC 66 damage and understanding of TC intensity and structure changes, for now direct in situ 67 observation and remote sensing measurements can only provide very limited information.
68
In the TC boundary layer (TCBL), observational analyses suggest that horizontal 69 streamwise roll vortices prevail with sub-kilometer to multi-kilometer wavelengths 
78
Another important small-scale feature is the so-called eyewall vorticity maximum resolution of 1.0° × 1.0° using a 20-day low-pass Lanczos filter (Duchon 1979 
157
The model is run for 36 hours and the 1/9-km-resolution and 1/27-km-resolution
158
domains are activated at 24 h. In the following analysis, we will focus on the hourly hours.
173 Figure 2a shows the simulated 500-m radar reflectivity at 27 h, indicating that the ( Fig. 3a) . The small area is located in the eyewall to the east of the TC center (Fig. 2b ).
194
The streaks of alternating high and low wind speeds can be clearly seen, which are 
231
There are 24 tornado-scale vortices identified in the 11-hour output (Table 1 ). There . Except for the 234 two tornado-scale vortices at 36 h, the others occur during 26 h-31 h with 10 cases at 27 h.
235
The lull period is coincident with relatively weaker instantaneous maximum wind speed 236 at 10 m although there is little difference in the azimuthal mean maximum wind speed vortices occur between two high reflectivity bands (figure not shown).
279
Although the real tornado-scale vortices were observed by chance, they were also within a kilometer of the surface and it is implausible for buoyancy to be the primary 300 mechanism for vertical acceleration. In Figure 4a , the Richardson number is also plotted,
301
which is averaged over the 11-hour period. We can see that the tornado-scale vortices (Fig. 6) . The flows curl cyclonically upward from the surface (Fig. 6a) .
338
The tornado-scale vortex is manifested by a small-scale circulation extending upward to 339 ~1.5 km. In addition, the tornado-scale vortex is closely associated with 340 updraft/downdraft couplets (Fig. 6b) . Fig. 6c shows that the tornado-scale vortex is a 341 complex twisted vortex system. The system has strong horizontal circulation below 1-km 342 and it turns into vertical circulation as the height increases. So it contains both strong 343 horizontal and vertical circulations. there is a layer of the high equivalent potential temperature (θe) layer (Fig. 7b) . To the 
354
(2008), the strong updraft is within a saturated layer (Fig. 8a) , coinciding with high 355 vertical relative vorticity (Fig. 8c) .
356
To the right of the updraft (Fig. 7b) , another high θe layer can be seen at the altitude 357 of ~500 m. We check other cases in this category of vortices and find that the lower- Fig. 7a . The wind speed jump (Fig. 8b) is significant across the intense updraft 371 (Fig. 7a) the near surface to ~2 km (Fig. 9a) . In this category, we cannot see the warm air with 383 high θe (Fig. 9b ) and the strong updraft is located in a statically unstable stratification 384 (Table 1 ). The wind speed at the altitude of 900 m varies by ~20 m s -1 across the updraft,
385
while the wind speed gradient is relatively weak at 10 m (Fig. 9c) .
386
The third category includes four cases: M2600, M2703, M2705 and M3002, in which 387 the updraft occurs in a statically stable stratification (Table 1) . Here we use M3002 as an 388 example to show its vertical structure. As shown in Fig. 10a , the updraft is elevated 389 between 0.5 km and 2 km. The maximum vertical motion and relative vorticity are found 390 at the altitude of 1300 m. In this category, a pronounced feature is the deep low θe (less 391 than 364 K) layer in the inflow layer (Fig. 10b) . As shown in Figure 10c , the gradient of The solid circle is the 500-m radius of maximum wind and dashed circles indicate the 667 distances from the TC center at 10-km intervals. 
